The ocean coastline of the USA, excluding possessions and territories, is nearly 20 000 km in length (National Oceanic & Atmospheric Administration 1975) and has a highly variable geomorphology. The majority of the East Coast and Gulf of Mexico coastline is dominated by low-relief barrier islands and dunebacked beach systems. However, significant portions of the west coast, as well as New England, parts of the Mid-Atlantic, Alaska and Hawaii comprise hard-rock coastline or soft-rock (bluffed) coast ( Fig. 9.1 ). Soft-rock bluffs also occur along the estuarine coasts of Puget Sound in Washington State and Chesapeake Bay in Maryland, and are a dominant landform type along the coastline of the Great Lakes (also see Chapter 8: The rock coast of Canada (Trenhaile 2014) ). In this contribution, we limit our presentation of USA rocky coast geomorphology to open-ocean coastlines of the continental USA that evolve as a function of the interplay between hydrodynamic and terrestrial processes, and geology. The expansive coastline of Alaska, as well as Hawaii and the US Territories (e.g. Puerto Rico, American Samoa, etc.) are excluded from this synthesis. The reader is referred to Chapter 16 (The rock coasts of polar and sub-polar regions (Hansom et al. 2014) and Chapter 15 (The rock coasts of oceanic islands (Woodroffe 2014) ) for information on the rocky shores of these regions.
The open-ocean coastal cliffs and bluffs of New England and the US west coast, herein referred to as sea cliffs regardless of the material properties, occur where the coastal environment comprises elevated land, which most commonly occurs owing to tectonic (e.g. California, Oregon) or isostatic (e.g. New England) uplift . The geomorphology can vary dramatically from steep, high-relief (as high as 1500 m) coastal slopes such as Big Sur in central California and most of the northern California coast to moderate-relief marine terraces (southern California) and glacial bluffs (New England) to rocky headlands with sea stacks and sea arches (Pacific NW).
The morphology of a sea cliff-forming rock mass is governed by the timing and magnitude of the oceanographic and terrestrial processes acting upon it as well as the physical properties of the material. Sea cliffs shaped dominantly by oceanographic processes have a steep, sharp-crested profile, whereas those shaped primarily by terrestrial (or subaerial) processes tend to have a smooth profile, characterized by a rounded cliff-top edge and talus deposits protecting the base (Emery & Kuhn 1982) . Regardless of the interplay of oceanographic and terrestrial processes, the material strength, as dictated primarily by lithology, structure and degree of weathering, exerts significant control on the resulting sea cliff morphology. For example, in southern California, found that 'intrinsic', or material, properties were more strongly correlated to rates of sea cliff retreat than 'extrinsic', or wave, forcing. Similarly, Hapke (2005) showed that coastal landslide volume and occurrence in high relief coastal slopes in central California correlate to the physical strength of the slope-forming material, and Collins & Sitar (2009) showed that changes in material strength over just a few hundred metres governs the style and mechanism of sea cliff failure.
The erosion of sea cliffs is highly episodic in both time and space, a combination of the physical and morphological properties and the balance of the processes driving retreat. Along tectonically active margins like the west coast, differential erosion is related to the juxtaposition of varying lithologies as well as spatially discontinuous zones of weakness associated with faults, fractures and shear zones. Although the US New England coast is presently a passive continental margin, spatial variations in lithology and geological structure within the crystalline bedrock influence the not only the rate of sea cliff retreat but the shape and orientation of the coastline. Rates of retreat are especially high (.1.0 m a 21 ) in areas where the sea cliffs are composed of soft glacially derived material (Kelley 2004) .
In addition to spatial variations in material properties, wave climate and weather patterns vary temporally and influence the episodicity of sea cliff erosion. Periods of increased storminess, in the form of both higher energy waves and increased rainfall, such as are associated with El Niño seasons on the west coast and strong extratropical (nor'easter) storms in New England, are often associated with higher rates of sea cliff retreat (Hapke & Richmond 2002) .
Human activities increasingly influence sea cliff retreat and evolution on intermediate timescales (years to decades), although the extent of the influence is difficult to evaluate. For example, rates of sea cliff retreat may be directly or indirectly affected by engineering structures. Structures such as seawalls or revetments can directly protect a cliff base from wave energy, thus slowing marine erosion of a sea cliff. Structures such as jetties that impound sand may increase beach width and elevation on their upcoast side but reduce it on the downcoast side. This can indirectly affect cliff retreat by artificially increasing or decreasing a protective beach. Numerous other activities from the damming of rivers, to agricultural and domestic irrigation on the upland side of sea cliffs to beach nourishment can all have varying and indirect impacts on the evolution of sea cliffs.
Below we present a synthesis of the current state of knowledge of rocky and bluff coast geomorphology and general processes of sea cliff evolution for four geographic subdivisions of the continental US coast: New England, the Pacific NW, north and central California, and southern California (Fig. 9.1) . Each section provides an overview of the regional setting, geology and morphology, and erosion rates and processes, in the context of both the established knowledge base and the most recent scientific contributions that are furthering our understanding of sea cliff evolution and rocky coast geomorphology in the USA. This chapter includes a section that synthesizes the most recent advances in our understanding of sea cliff processes, prediction and geomorphic evolution conducted by researchers along the US coast.
New England and New York
Rocky coastline and sea cliffs are common along the New England and northern Mid-Atlantic coast, but are largely absent anywhere else along the eastern seaboard. The sea cliffs occur noncontinuously along the coast from the Canada-Maine border in the north to the eastern tip of Long Island, New York ( Fig. 9.2 ). In the northern portion New England and New York share a common history of Palaeozoic bedrock formation and Pleistocene glaciation ( Fig. 9 .2). Although Cape Cod and the nearby islands of Martha's Vineyard and Nantucket, MA, Block Island, RI, and Long Island, NY are glacial in origin and lack bedrock on the coast, the remainder of the New England coastline is formed of a mixture of bedrock and glaciogenic outcrops (Johnson 1925 ).
Climate and oceanographic setting
Winds in this region are generally from the southerly quadrants in summer, with prevailing winds out of the WNW in spring, autumn and winter (Hill et al. 2004; Hughes et al. 2007) . Major storms, generally extratropical (nor'easter) systems, occur in winter with storm waves out of the east and NE. Because of the highly irregular nature of the coastline, some locations like coastal Connecticut, the north shore of Long Island, Rhode Island and many embayments on the Maine coast are sheltered and fetch limited during nor'easter storms.
Owing to the large variation in tidal range, macrotidal (.6 m) to microtidal (,2 m), wave access to sea cliffs in New England varies substantially. The largest tides are in eastern Maine and range from 3 to 7 m (FitzGerald & Van Heteren 1999) . SW of Rockland, Maine, the tidal range decreases to around 2 -3 m.
Microtidal tides occur south of Cape Cod and along much of the Connecticut coast.
Anthropogenic setting and land use
This region was one of the first areas of the USA settled by Europeans in the seventeenth century. As such, the major cities of New York City, Boston, Massachusetts, and to a lesser degree Portland, Maine and Providence, Rhode Island have urban coastlines with few natural landforms remaining. They are surrounded by suburban regions with varying degrees of development and coastline alteration, although residential development is widespread along most of the Connecticut and Massachusetts coasts. Only in eastern Maine and in the several National Parks/ Seashores is the coast completely undeveloped for long distances.
Geology and morphology
Although most of the sea cliffs in the region are less than 10 m in height, crystalline bedrock forms sea cliffs up to 40 m high and comprises up to 50% of the mapped shoreline in Maine (Kelley & Dickson 2000) . With the exception of Cape Cod and the islands mentioned above, there is no long stretch of this coastline without some rock. The entire coastline is classified into compartments defined by varying bedrock composition and structure (Kelley 1987 (Kelley , 2004 Kelley et al. 1995) .
The igneous and metamorphic rocks of the region show clear evidence of long-term erosion, with embayments like Narragansett Bay and Boston Harbor carved from weak sedimentary and strongly foliated metamorphic rocks. More resistant crystalline rock (igneous rocks and quartzites) commonly form headlands and islands (Kelley et al. 1995; Kelley 2004) . The complex, irregular shape of the New England coastline results from the longterm differential erosion of bedrock, probably extending back before the last glaciation. However, most rock exposures show little evidence of change in the historic period ( Fig. 9.3 ). Rocky coastal stretches that do show evidence of modern erosion, including sea caves and sea stacks, are uncommon (Shaler 1889).
There are three types of glacial deposits widely exposed on the New England coast. Till is most common and typically occurs in deposits overlying rock substrate, forming low sea cliffs (,2 m in height). Storm waves are the primary driver of their retreat. On the north and eastern shores of Long Island, New York and outer coast of Block Island, Rhode Island, Martha's Vineyard, Nantucket and the Boston Harbor Islands, Massachusetts, till sea cliffs are often greater than 5 m in height. Erosion rates greater than a metre per year have been measured (Kelley 2004) , and sea cliff retreat here has supplied large amounts of sediment to adjacent beach systems. The islands of Boston Harbor are drumlins whose erosion formed the many spits and tombolos of the area (Himmelstoss et al. 2006; Hughes et al. 2007 , Rosen & FitzGerald 2009 ). Himmelstoss et al. (2006) developed a conceptual model for their erosion in which wave processes initiate sea cliff retreat. Sea cliffs are initially eroded rapidly by waves and large quantities of sand and gravel remain to form a beach that protects the bluff. Once the soft sea cliffs are no longer subjected to regular wave activity, rain-and frost-induced erosion then dominate. A separate model of beach behaviour adjacent to eroding drumlins was developed earlier by Boyd et al. (1987) . For till sea cliffs in sheltered areas, erosion results in the dispersal of fine sediment with a lag deposit of gravel and sand often left behind on tidal flats (Kelley 2004) . Erosion rates of till sea cliffs are low in the absence of large waves and sheltered till sea cliffs are often stable for decades (Kelley & Dickson 2000) . In a study of three eroding archaeological sites in till in Acadia National Park, Kelley & Kelley (2007) measured negligible retreat where even decimetre-sized cobbles did not move in several years.
Large sea cliffs formed from glacial outwash sand and gravel are common on the islands of Martha's Vineyard and Nantucket, as well as along much of the shoreline of Cape Cod and areas to the north (Figs 9.2 & 9.4a). The sea cliffs are commonly over 30 m in height and supply sand to nearby beaches. Homeowners in Massachusetts are generally prevented from armouring sea cliffs to protect cliff-top properties (Fig. 9 .4a) to ensure that the sediment supply to beaches from sea cliff erosion is maintained. Much of the outer coast of Cape Cod is in the Cape Cod National Seashore, where sea cliffs up to 30 m in height are allowed to erode and naturally provide sediment to the littoral system.
Glacial-marine muddy deposits that form low (1 -2 m) sea cliffs are common along the Maine coast. The soft sea cliffs retreat rapidly, and as a result have generally been eroded away from exposed shoreline and are no longer actively eroding from marine processes (Kelley 1987 (Kelley , 2004 . They are common in more sheltered settings along highly indented portions of the coast. Bluff erosion hazard maps for property damage mitigation were recently published (Kelley & Dickson 2000; Raineault et al. 2005; Maine Geological Survey 2012 ). An investigation of the characteristics and properties of unstable sea cliffs demonstrates that, even in protected settings, the sites most likely to experience erosion have at least 2 km of unrestricted fetch and face south, the direction of prevailing swell (Keblinsky 2003) .
Erosion rates and processes
The long-term erosion rate of sea cliffs in New England is typically ,0.5 m a 21 although many are relatively stable in the short term (years). Sunamura (1983) showed that the cycle of sea cliff retreat is periods of episodic erosion followed by longer intervals of quasi-stability. For glacial till or outwash sea cliffs, this occurs when a beach shelters the bluff face from most wave attack. Where sea cliffs are composed of fine (silt to clay) material, a protective salt marsh may develop on eroded sea cliff material (Kelley et al. 1988) . Once waves have planed off the slumped material, halophytic grasses colonize the new land. In the absence of a new sediment source, the wetland erodes. Eventually a new slump is initiated when the protection provided by the marsh is reduced. Although large landslides are often anthropogenically stabilized (Berry et al. 1996) , slump platforms topped by thin marsh deposits exist and testify to past erosion events.
Pacific NW
The Pacific Northwest (PNW) coasts of Oregon and Washington (Fig 9.6 ) are some of the most dynamic coastal landscapes in North America. The Washington coastline is 4296 km in length and can be broadly divided into three segments: the SW Washington coast that extends from the Columbia River north to Point Grenville, the NW coast of the Olympic Peninsula, and the eastern coast that extends south of the Canadian border down into the straits and islands of Puget Sound (Schwartz & Terich 2010) . By far the bulk of the coastline (length c. 3400 km) reflects the numerous islands within Puget Sound (Shipman 2008 ). In contrast, the Oregon coast is 588 km long from the Columbia River to the California border. The coastal geomorphology of this landscape reflects myriad landforms that range from plunging sea cliffs to rocky shorelines and shore platforms, wide and narrow sandy beaches backed by both dunes and sea cliffs and gravel and cobble beaches backed by sea cliffs. The sea cliffs and rocky coastlines are discontinuous and may be separated by barrier spits, estuaries, lagoons and river deltas (Komar 1997; Shipman 2008 
Climate and oceanographic setting
The dominant processes that drive the erosion of PNW coastal cliffs include waves, varying tides, the presence of rip embayments, periodic occurrences of El Niños that serve to locally raise the mean sea-level, and precipitation (Komar 2004; Allan et al. 2009 ). The mean tidal range in the PNW is 2 m. Of particular importance, the PNW coast is exposed to one of the most extreme wave climates in the world, owing its long fetches and the strength of the extratropical storms that develop and track across the North Pacific. These storms exhibit a strong seasonal cycle producing the highest waves and high mean water levels in the winter, while the summer is dominated by low waves and lower water levels (Ruggiero et al. 2010; Komar et al. 2011) . The cause of the variations in ocean water levels along the PNW coast is largely ocean upwelling, which brings cold dense water to the surface, and owing to the Coriolis effect and ocean currents, this water is directed landward where it depresses sea level. In the winter this process breaks down, resulting in warming of the ocean, which raises the mean sea-level. This seasonal variation in water levels is c. 0.24 m, but increases to as much as 0.6 m during an El Niño, essentially raising the mean shoreline elevation, enabling waves to break closer to the cliff toe.
Anthropogenic setting and land use
Unlike many other parts of the continental US coast, population pressure on the PNW coast is relatively low and is largely confined to small coastal towns separated by large tracts of coast with little to no development. The bulk of these developments are concentrated on the central to northern Oregon coast, the SW Washington coast (south of Point Grenville), and within Puget Sound. On the cliffed shores of the central Oregon coast (Fig 9.5 ), between Newport and Lincoln City, homes are perched precariously close to the edge of the cliffs ( Fig. 9 .6), and in some areas the erosion has become acute, requiring various forms of coastal engineering (commonly riprap) to mitigate the problem, and in a few cases the landward removal of the homes. In other areas, critical infrastructure such as major transportation routes track close to the coast and in several areas erosion of the cliffs has resulted in expensive remediation.
Geology and morphology
The geology of the PNW coast reflects four broadly contrasting geological provinces. Pleistocene glaciation and associated deposits in the Puget Sound region have left an imprint on the underlying folded and faulted Cenozoic formations that dominate the Olympic Peninsula. South of the Olympic Peninsula, a mélange characterizes much of the coast down to Point Grenville (Schwartz & Terich 2010) and moderately faulted Cenozoic sediments comprise the central to northern Oregon coast (Schlicker et al. 1973) . The southern Oregon coast is underlain by a sheared mélange (Beaulieu & Hughes 1976) . Along much of the south-central Oregon coast and to the north, elevated Pleistocene shore platforms with overlying terrace sand deposits are cut into the Coast Range. Formation of the terraces can be attributed to the uplift of the Coast Range in concert with varying sea level during the Pleistocene (Orr et al. 1992) . Dune sand is draped over the marine terraces in central Oregon as a result of advancing dune sheets during sea-level rise beginning 8000 years ago (Peterson et al. 2007) . A typical sea cliff sequence thus consists of Cenozoic rocks at the base that may be somewhat (7) and river deltas. resistant to wave attack and subaerial processes, capped by a layer of Pleistocene sandstone or Holocene dune sands (Komar 2004) . Because of the dramatic ocean vistas gained from the nearly level terraces, many communities are now situated along the edge of the terraces ( Fig. 9.6 ).
The majority of cliffs on the central to northern Oregon coast (sections 3 and 4 in Fig. 9 .5) have low to moderately high relief (10 -20 m), formed from erosion into marine terraces. Much higher cliffs tend to be associated with the major headlands and reach heights up to 120 m. Mean cliff slopes are c. 438 (+148), with the steepest slopes reaching 858 and more commonly associated with headlands composed of resistant lithologies. In most cases, the cliffs are fronted by wide, dissipative surf zones, and low sloping medium sand beaches (e.g. Newport), while a few cliffed sections are fronted by steep, narrow, mixed sand and gravel beaches (e.g. Gleneden Beach, located just south of Lincoln City). Of these, the latter beach type is the most dynamic, experiencing significant shoreline movement (up to 45 m) in the winter that is largely a function of the seasonal exchange of beach sediments often related to the development of rip embayments, which serve to locally lower the beach elevation by up to 3.5 m (typical seasonal beach elevation changes are about 1-2 m), which enables large winter waves to break close to shore, expending their energy directly at the toe of the cliff ( Fig. 9 .7). In some areas, beach sand may be completely removed, exposing the underlying shore platform. On the northern Oregon coast at Cannon Beach, sea cliffs are protected by dissipative sand beaches that are backed by a veneer of gravel (shingle to cobble). These cliffs are mostly stable, evidenced by highly vegetated seaward slopes, or have experienced erosion in the past (evidenced by the presence of coastal engineering structures) and are now highly vegetated. As noted previously, the typical stratigraphic profile reflects Cenozoic sediments in the bottom section of the cliff with Pleistocene sand on top. Owing to the considerable variation in the alongshore geomorphology of the coast, the degree to which these two predominant units make up the cliff varies considerably.
On the southern Oregon coast, the cliffy shorelines are characterized by moderately high relief (bluff heights on the order of 20-30 m), with the highest elevations again reflecting the locations of prominent headlands. The coastline is chiefly hard rock sea cliffs interspersed with small pocket beaches comprising sand or sand and gravel with clasts up to boulder size. The slope of the cliffs vary from c. 34 to 458 in both Quaternary marine terrace sediment and sheared Mesozoic sedimentary and metamorphic rocks, while near-vertical slopes are achieved on hard rock that characterize many of the headlands.
The Pacific coast of the Olympic Peninsula is considered to be one of the great scenic coasts of the world. Differential erosion of the Cenozoic sediments and volcanic rocks has resulted in the formation of dramatic stacks, arches, sea caves and high cliffs. According to Schwartz & Terich (2010) , long-term erosion of this coast is clearly evident owing to the numerous stacks and islands located within a few kilometres of the shore. Very little quantitative information is presently available on the cliffed shorelines of the Washington coast, including Puget Sound (Shipman 2008) .
Erosion rates and processes
Analyses of the rates and patterns of cliff retreat on the Oregon coast are well documented in several reports and conference publications for a variety of different geological units and sites. In most cases, estimates of cliff retreat are derived from comparisons of the position of the cliff-top edges (and to a lesser extent the toe) as interpreted from aerial photography and in a few cases Realtime Kinematic-Differential Global Positioning System (RTK-DGPS) surveys Witter et al. 2007 Witter et al. , 2009 Olsen et al. 2012; Allan & Stimely 2013) . Erosion rates vary significantly between the different geological units and spatially along the coast. The highest long-term erosion rates (20 -67 cm a 21 ) are observed on the southern Oregon coast at Nesika Beach, where the cliffs are eroding into highly fractured Jurassic mélange. Cliff erosion rates on the central Oregon coast are lower (6-21 cm a
21
) compared with the south coast, and are largely due to the predominance of wide sandy beaches that buffer the sea cliffs from erosion, combined with sedimentary rock cliffs that are generally more resistant to erosion than the shattered mélange at Nesika Beach. Moving northward, the erosion rates further decrease and are lowest in the far north (Komar et al. 2011) .
Whereas the patterns and rates of cliff erosion are controlled in large part by the geology of the coast, another important factor is the buffering capacity of the beach at the cliff toe (Komar 2004) . As a general rule, wide beaches with high beach/cliff toe juncture elevations tend to be the most stable, exhibiting low erosion rates, while cliffs fronted by narrow beaches tend to experience significantly higher rates of erosion. While the variation in the buffering capacity of the fronting beach is controlled largely by the seasonal cycle in waves and water levels, highly focused lowering of the beach periodically occurs owing to the development of rip embayments, or as a result of 'hotspot' erosion caused by the alongshore displacement of sand during El Niño climate events (Allan et al. 2003) . The latter event has been shown to cause the mean shoreline to retreat by an additional 10-20 m in the southern ends of the littoral cells, enabling waves to directly attack the backshore and, hence, the cliff toe.
Similarly, the pattern and rates of cliff erosion may also be increased owing to exposure to moisture-laden storms from the west in the winter, the so-called 'pineapple express'. For example, the Pacific coast experiences an average annual rainfall of about 2000 mm (Schwartz & Terich 2010) , with peak rainfall occurring in mid-to late winter, coincident with those days when high waves and higher than normal sea levels occur along the coast. The occurrence of precipitation, particularly if sustained, results in active erosion down the cliff face (rain wash), groundwater seepage in the sea cliffs that can result in piping and slump failures (Komar 2004) , plus high groundwater pressure that promotes large bedrock slides.
Central and northern California
The central and northern California coast extends from Point Conception in the south to the Oregon border in the north, a distance of about 1000 km (Fig. 9.8 ). The majority of this coast of this distance consists of rocky coastline that is dominated tectonically by transform motion with minor convergence along the San Andreas Fault south of Cape Mendocino, and subduction motion to the north. Uplifted terraces and steep mountains, both typically fronted by coastal cliffs, dominate the geomorphology. Processes that modify the coastline include waves, rainfall and runoff, and mass movements such as landslides and rockfalls (Griggs & Patsch 2004; . For the last 18 000 years the shoreline has advanced landward as a consequence of postglacial global warming and net sea-level rise (Kearney 2001; Griggs & Patsch 2004) . As a result, the coastline of central and northern California comprises largely erosional landforms such as steep sea cliffs, rocky headlands and sea stacks.
Anthropogenic setting and land use
Land use and population density vary substantially within northern and central California. Along the steep coastal slopes that are more characteristic of northern California, private development and public infrastructure are less common than along the lower-relief sea cliffs and marine terraces that are typical of the central California coast. Development pressures historically have been relatively high and land use on the flat, elevated marine terraces ranges from moderately dense communities to agriculture. In both cases, runoff and increased irrigation for crops and landscaping may cause an acceleration of sea cliff erosion rates by wetting the cliff-forming materials. Along most of the developed stretches of coast, seawalls, revetments and riprap are common along the base of the eroding sea cliffs.
Climate and oceanographic setting
The weather along California's coast, including storms, precipitation and waves, is directly related to the changing seasonal patterns of oceanic and atmospheric circulation within and above the North Pacific Ocean (Griggs 2010) . Perhaps the most important factor affecting what happens along the coast is the behaviour of one large mass of air, the North Pacific High, which varies in size, strength and relative atmospheric pressure from year to year. How far north or offshore it reaches, as well as how far inland it migrates over western North America, influences California's coastal climate, affecting storm track direction and location, and therefore precipitation distribution, as well as the wave energy that reaches the coastline. Periodic El Niño events are also important in shaping the California coastline. During El Niño years, the trade winds across the Pacific reverse direction, resulting in eastward flow of warmer surface waters and elevated water levels. Storms are also more frequent and of greater intensity during El Niño years. The increased storminess in conjunction with the elevated water levels results in increased wave heights and inundation along the coast. Powerful storms usually approach from the NW and, particularly along California's northern coast, may generate 8 -10 m high waves offshore.
Geology and morphology
The rugged stretches of California's central and north coast typically are underlain by resistant lithologies that include granite and the Franciscan Formation, a mélange or chaotic and folded mixture of sedimentary and volcanic rocks (Alt & Hyndman 2000) . These rocks tend to be relatively resistant to erosion and form many of central and northern California's coastal headlands (Griggs & Patsch 2004; Griggs 2010) . Examples include Trinidad Head and Point Reyes (Fig. 9.9 ). Continuing south along the coast, Point Sur and Point San Luis are volcanic or metavolcanic rocks. The granite tends to erode slowly, but because of the sheared and broken-up nature of the Franciscan, these steep cliffs may be subject to large-scale, episodic mass movement through landsliding and slumping, as along the Sonoma and Big Sur coastlines.
California's coast north of Point Conception can be broken down into: (a) steep coastal mountains and cliffs with hundreds of metres of relief (Fig. 9.9) ; (b) uplifted marine terraces and sea cliffs from 10 to 100 m high (Fig. 9.10) ; and (c) coastal lowlands with beaches, sand dunes, estuaries and lagoons. The majority of the northern and central California coast consists of actively eroding coastal cliffs that include (a) and (b). Most of the highrelief, steep cliffs are located in northern California and include areas such as the Marin Headlands just north of San Francisco's Golden Gate, and along the Big Sur Coast south of Monterey (Fig. 9.8) .
The low-to moderate-height sea cliffs, which are more common in central than northern California, typically are eroded into uplifted marine terraces and provide clear evidence of a tectonically rising coast slowly being removed by wave attack (Lajoie et al. 1986 ). The flat terraces were formed by wave erosion in the surf zone and provide a record of the oscillations in global sea level superimposed upon a gradually rising coastline. Most of the terraces and their fronting sea cliffs, which characterize much of the coastline along the central coast, and portions of the north coast, have been eroded into relatively weak Neogene sedimentary rocks, typically sandstones, mudstones and shales. The lower relief cliffs typically consist of a more resistant lower bedrock portion capped by a few to 10 m of unconsolidated terrace deposits, which vary from beach and dune sand to terrestrial soils and range in size from cobbles to clay and silt (Griggs & Patsch 2004 ). Shore platforms often front these low cliffs, and are particularly well developed where the bedrock is well-bedded sedimentary rock that has a low seaward dip angle (Fig. 9.10 ).
Erosion rates and processes
Coastal cliffs, as a result of their tectonic setting, lithological and structural framework, and recent geological history, vary widely in central and northern California in their height and morphology (Griggs & Patsch 2004; Hapke & Reid 2007) . Although sea cliffs are primarily a product of marine erosion, subaerial or terrestrial processes such as landslides, slumps, rockfalls and surface runoff can be equally important in the evolution and shaping of the exposed landforms at any particular location, and typically, both are involved. Earthquake-induced cliff failure, while infrequent, can also be a cause of cliff failure (Griggs & Scholar 1997; Hapke & Richmond 2002) . In addition to the erosional processes mentioned above, groundwater saturation and seepage, as well as stress-release fracturing have been documented in northern California sea cliffs, particularly those in weakly lithified sediments (Hampton et al. 1999; Hampton 2002; Collins & Sitar 2008 , 2011 . The most severe wave attack of the sea cliffs occurs during the winter storm season, typically from late autumn to early spring, when waves are largest and beaches are narrow.
Most of the published rates of coastal erosion for the central and northern California coast as well as descriptions of individual In general, weaker sedimentary rocks such as sandstones, siltstones, mudstones and shales that make up much of central and northern California's coastline erode at average rates of about 10-30 cm a
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. However, the failures generally occur episodically. Unconsolidated or poorly consolidated materials such as terrace deposits, alluvium or older dunes may erode a metre or more annually. In contrast, erosion of the granitic rock that makes up some of the more resistant headlands such as the Monterey Peninsula has been negligible over the past 50-100 years (Hapke & Reid 2007; Griggs 2010) .
As in other regions, the steepness or profile of a sea cliff often provides a good general indication of the dominance of either marine or terrestrial erosional processes in northern and central California (Emery & Kuhn 1982) . Where there is no beach or only a very narrow beach, waves are able to attack the base of the sea cliff during the winter months and perhaps during most high tides as well. The essentially unprotected cliffs are usually very steep or vertical by virtue of wave attack at the base of the cliff and subsequent collapse or failure of the overlying material. Steep sea cliffs, therefore, are generally a reliable indicator of the long-term dominance of marine erosional processes over terrestrial processes. Where beaches are very wide year round, waves may rarely reach the back beach cliff or bluff. Terrestrial or subaerial processes such as rainfall-induced runoff or seepage, slumping or sliding dominate, leading to a degraded or subdued cliff profile, which slopes more gently toward the beach or shoreline (Emery & Kuhn 1982) . Collins (2004) and Collins & Sitar (2004) documented the timing and volumes of individual failures over several storm seasons. They found that weakly lithified sandy bluffs in the study area failed through both wave action at the base of the bluff and through rainfall seepage along the bluff top, providing evidence of short-term sea cliff evolution by both terrestrial and marine processes. Microseismic forcing is another process that ultimately may induce sea cliff failure. Adams et al. (2002 Adams et al. ( , 2005 used seismometers to document microseismic sea cliff shaking in response to changing wave climate, and identified a potential rock-fatigue mechanism linking cyclical wave loading and sea cliff strain.
The northern and central California coast is dominated by highrelief rocky coast and low to moderate relief sea cliffs. A combination of marine and terrestrial processes drives the retreat of the sea cliffs and the relative balance of the forcing is spatially and temporally variable. The northern California coast is sparsely populated, and sea cliff erosion and coastal landslides rarely receive substantial attention. However, in many locations along the central California coast, development along the top of the sea cliffs is widespread and homes and other human infrastructure are periodically threatened. Coastal erosion and pressure for mitigation will probably increase with predicted climate change scenarios, including an increase in the rate of sea-level rise (National Research Council 2012) .
Southern California
The southern California coast extends 485 km from Point Conception to the Mexican border ( Fig. 9.11 ). Four major cliff sections comprise about 60% of the coast (Orme 1991) and the cliff tops are often developed with structures as well as critical infrastructure such as power plants, railways, military installations and highways. Coastal cliff erosion and retreat threaten this development, and seawalls or other mitigation strategies are commonly used to prevent erosion (Fig. 9.12 ). Cliff-backed beaches are frequently used for recreation, and coastal landslides are also a public hazard, having caused several deaths in recent years.
Anthropogenic setting and land use
The coastal region of southern California is highly urbanized. Urbanization and development of the region has altered the coastline and coastal processes through the construction of jetties, ports, harbours and upland dams (Inman 1976; Flick 1993; Griggs et al. 2005) . River damming (Willis & Griggs 2003; Slagel & Griggs 2008) , watershed development, urbanization (Warrick & Rubin
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Climate and oceanographic setting
The southern California semi-arid Mediterranean climate is characterized by dry summers and occasionally wet winters, with most rainfall occurring from November to March. Annual coastal precipitation increases towards the north and varies between about 10 and 120 cm. Rainfall in the region tends to be episodic and several centimetres of rain often fall over a few days. Strong El Niño winter events are associated with elevated precipitation, wave heights and sea levels, causing increased coastal erosion, flooding and damage (Flick 1998; , and influence sea cliff erosion rates in the region. The coast encompasses the southern California bight, which trends east -west in the Santa Barbara area and north -south in the San Diego area (Fig. 9.11 ). The sea cliffs are exposed to waves generated by local winds and distant storms in both Northern and Southern hemispheres. During winter, swell from the North Pacific and Gulf of Alaska is most energetic, whereas swell from the South Pacific dominates in summer. Waves reaching southern California sea cliffs undergo complex transformations, and the interactions of approaching waves with the offshore Channel Islands (Fig. 9.11) , as well as changing shoreline orientations, create strong alongshore variations in wave height. The seasonal cycle delivers maximum wave energy to the coast in winter. The tide range is about 2 m.
Geology and morphology
The region is seismically active and contains numerous fault zones, most notably the San Andreas Fault dividing the North American and Pacific plates. Past fault motion produced several coastal mountain ranges and a series of uplifted marine terraces along much of the coastline. In general, coastal cliffs cut into the uplifted marine terraces exist along the southern California coastline, except where low-lying basins reach the coast and where rivers discharge into the sea through wetland lagoon areas.
The majority of the Southern California cliffs are low relief; however, high-relief steep cliffs also exist. The cliffs are generally 20 -30 m in height but are as high as 100 m in San Diego and have a range of slopes, from vertical to about 308. The cliffs are usually fronted by a submerged wave-cut platform covered by a thin veneer of beach sand and sometimes cobble. The beaches, which can sometimes act as a buffer to cliff erosion, are narrow and occasionally stripped of sediment during large winter storms.
The cliffs are generally composed of two geological units: a lower unit of more resistant lithified Cenozoic mudstone, shale, sandstone and siltstone, and an upper unit of weakly lithified Quaternary terrace deposits (Griggs et al. 2005) . Low-relief cliffs composed of alluvium or terrace deposits are also common where the lower unit is occasionally absent. Cliff profiles differ along the southern California coast and are related to the relative importance of marine and subaerial processes, cliff composition and phases of the profile evolution (Emery & Kuhn 1982) .
The four main cliff sections shown in Figure 9 .11 are semicontinuous and occasionally broken by coastal lagoons, small streams and ravines. In many areas the cliff composition and geological conditions (e.g. cliff resistance to erosion) change gradually alongshore and form a relatively straight cliff line. Alternatively, in some locations such as Point Loma and La Jolla, geological conditions vary alongshore at a range of scales, contributing to variation of erosion rates and resulting in a more complex shoreline containing sea caves, arches, blow holes and surge channels (Kennedy 1973; Shepard & Kuhn 1983) .
Erosion rates and processes
The cliffs in southern California are subject to multiple marine and subaerial erosive processes, as elsewhere, which interact with site-specific local geology to produce temporally and spatially variable retreat. Wave action at the cliff base causes steepening and occasional undercutting, resulting in cliff instability (Young & Ashford 2008) . Heavy rainfall (Young et al. 2009 ), groundwater (Turner 1981; Norris & Back 1990) , concentrated surface runoff ( Kuhn & Shepard 1984) , earthquakes (Orme 1991) and bioerosion (Engstrom 2006) have also been linked to coastal landslides and cliff erosion in the region. found long-term cliff retreat rates correlated with intact rock strength, and the retreat rates were inversely related to nearshore wave power (Benumof et al. 2000) .
Mass movements most often occur through rockfalls, shallow slides, topples and debris flows; however, large-scale, complex deep-seated landslides also occur (Orme 1991) . Large cliff failures are episodic and site-specific, while other processes such as subaerial weathering occur continuously. In locations where the cliffs contain coarse grain sediment, the eroded cliff material provides beach sediment (Limber et al. 2008; Young et al. 2010) and can contribute significantly to the overall littoral budget (Young & Ashford 2006a) .
Recent research in San Diego (Young et al. 2011) suggests that cumulative distributions of coastal landslide failure parameters (area, mean retreat, maximum retreat, and length) follow an inverse power-law distribution for medium to large events, similar to inland landsliding. Additionally, Young et al. (2011) found that small and medium slides tended to reoccur preferentially (relative to randomly) near previous small and medium slides, forming short-term hot spots, while large slides were less likely to reoccur near previous large slides.
Cliff erosion and retreat in the region is well documented, notably in the San Diego and Santa Barbara areas. Qualitative observations of cliff erosion date back at least as far as the 1850s, when historical records note railway damage caused by coastal landslides (Orme 1991) , and cliff undercutting by wave action in San Pedro (Engstrom 2006) . Further historical evidence was described in 1889 by a US Coast and Geodetic survey, which noted 'new erosion during each winter storm'.
Mean long-term cliff retreat rates range from about 5 to 20 cm a 21 ; however, rates of 180 cm a 21 have been documented (Hapke et al. 2009 ). The rates of cliff retreat and erosion can vary by an order of magnitude for the same locale (Everts 1990 ). Large differences in the retreat rates are caused by episodic cliff retreat coupled with end-point retreat rate estimates, the data sources used and varying amounts of cliff protection.
Eroding sea cliffs and development are common features along the southern California coast. Marine and subaerial processes act over various timescales to erode the cliffs; however, their relative importance is locally uncertain and is site-specific. In some cases, anthropogenic influences have accelerated the cliff erosion. Effectively managing the southern California coast will become increasing challenging as coastal population and sealevels continue to rise and natural beach sediment sources are reduced by damming of rivers and building of coastal structures.
Rocky coast geomorphic process, prediction and evolution
Observations of coastal cliffs from throughout the continental USA provide a significant knowledge base to characterize the geomorphic processes that lead to cliff evolution over a wide range of coastlines. The understanding of processes combined with measurement allows for the development of both meso-term (years to decades) predictive models and long-term (centuries to millennia) evolutionary models. The state-of-knowledge and most recent research on rocky coast process, prediction and evolution, with a focus on work conducted in the USA, is presented below.
Processes of sea cliff failure and retreat
The fundamental requirement for sea cliffs to exist is the presence of elevated land, which most commonly arises from tectonic (e.g. California, Oregon) or isostatic (e.g. New England) uplift . The oceanic and terrestrial processes that act on the uplifted rock mass will have different geomorphic effects, which depend on the timing and magnitude of the processes themselves, as well as the properties of the substrate. Considering process alone, cliff formation that is dominated by oceanic processes results in a steep, sharp-crested profile, whereas cliff formation that is dominated by terrestrial (or subaerial) processes results in typically smoother profiles, characterized by rounded cliff-top edge and substantial talus at the base (Emery & Kuhn 1982) . Considering substrate alone, a granite rock mass of homogeneous rock strength, for example, may respond to a particular wave field by forming the shape of a smooth, protruding headland, whereas a sedimentary unit consisting of interbedded sands and shales, that exhibit a range of degrees of induration, might evolve toward a complex, jagged, cliff shape in response to the same wave field. The factors contributing to sea cliff retreat are categorized by , as belonging to either 'exposure' or 'susceptibility' classes, to represent influence by process and substrate, respectively.
Herein, we briefly identify the most influential processes responsible for sea cliff retreat, arguably the primary control on the geomorphic evolution of rocky coasts. We organize the specific processes into two general categories: (a) those processes that act to prepare the cliff for failure and (b) those processes that activate the failure itself. We purposely avoid a discussion of sea-level rise and fall, although we acknowledge that relative sea-level change determines, in large part, the vertical location on the sea cliff where specific processes operate. Detailed descriptions of these processes are presented by Trenhaile (1987) , DavidsonArnott (2010) and Masselink et al. (2011) . It should be noted that, along the world's rocky coasts, the numerous combinations of timing and magnitudes of these processes, operating over a range of cliff materials, are responsible for the specific appearance of any particular cliffed coast.
Processes of preparation for failure
Abrasion. Sea cliff failure is facilitated when a basal notch develops and grows, extending an unsupported, cantilevered mass of cliff material, which eventually becomes unstable and collapses. The basal notch grows through the process of abrasion, which utilizes beach sediment (or rocky material from an earlier failure) as tools entrained by orbital and turbulent motions associated with breaking and broken waves at the cliff base. Laboratory experiments by Sunamura (1992) revealed positive and negative feedbacks in the abrasion of the basal notch of a sea cliff. With retreat, more eroded material is available for use as tools for further abrasion accelerating retreat, but as the notch grows (and the cliff-fronting beach grows), more energy is dissipated, which slows retreat.
Physical and chemical weathering. Sea cliffs in regions that witness temperature variations whose span includes 0 8C are subject to physical weathering associated with the expansion and contraction of water during freezing and thawing, respectively (also see Chapters 8: The rock coast of Canada (Trenhaile 2014) and 16 (The rock coasts of polar and sub-polar regions (Hansom et al. 2014) ). Frozen water in fractured cliff rock within the intertidal zone can be thawed by tidal action, which can work to fracture the cliff material on a semidiurnal cycle, providing another mechanism of preparation for failure (Trenhaile & Mercan 1984) . Salt has a similar effect in permeable cliff rock, as salt crystals grow upon evaporation of wetted rock surfaces and the crystals undergo thermal expansion with daily solar heating cycles. Depending on the cliff material lithology, chemical reactions can work to dissolve cliff rock until chemical equilibrium is achieved. When wetting/drying is combined with freezing/thawing, a process entitled water-layer levelling can significantly lower exposed bedrock platforms (Matsukura & Matsuoka 1991) .
Hydraulic cracking. Fractured cliff bedrock can witness dramatic, rapid increases in air pressure within cracks exposed to wave action from a combination of dynamic and hydrostatic components. Time series measurements of water surface elevation and pressure head variation have verified this link between waves and pressure force (Hansom et al. 2008) . The result of these rapid pressure fluctuations is a fracturing of the cliff rock through crack propagation at the pre-existing crack tips, illustrating another mechanism by which sea cliffs are prepared for instantaneous failure.
Flexing fatigue. Another potentially influential mechanism of cliff rock preparation for failure is flexural fatigue from cyclical wave loading. Recent studies along the California coast have shown that sea cliff rock experiences appreciable shear, and longitudinal strain, within a characteristic length scale of approximately 30 m adjacent to, and inland of, the sea cliff edge (Adams et al. 2005; Young et al. 2011) . For a site experiencing an average wave period of 10 s, the sea cliff will experience c. 3 million flexing cycles annually. The strain associated with each flexing cycle works to fatigue cliff rock, propagating crack tips to further prepare the sea cliff for failure by one of the specific mechanisms described below.
Processes of failure
Wave quarrying. After the cliff face has been subjected to one or more of the fracturing mechanisms mentioned above, an efficient means of cliff material erosion occurs through quarrying. Through this process, fractured blocks are removed by direct wave impact. Although, this is an efficient technology for exposing fresh, unweathered cliff face, the quarried block remains as talus at the base of the cliff, requiring other mechanisms to remove the eroded material from the system. Naylor et al. (2010) provide an overview of recent studies investigating the effects of wave quarrying.
Cantilevered failure. When a basal notch has developed in sea cliff, the cantilevered rock mass is vulnerable to collapse. The specific mechanism of failure can originate from tensile cracking wherein the rock mass succumbs to a normal stress, whose maximum is at the cliff top. Alternatively, failure can occur along a vertical plane, upon which the maximum shear stress is located exactly half-way down the vertical plane. A concise description of cantilevered block failure of sea cliffs is provided by Hampton (2002) and Young & Ashford (2008) . Both failure mechanisms result in a talus pile at the sea cliff base, which temporarily armours the cliff against further retreat, until the failed material has been comminuted and removed by nearshore currents.
Earthquake/seismic. The episodic nature of sea cliff retreat owes its origin, in part, to the temporal distribution of triggering mechanisms. Once a sea cliff face has been prepared for erosion, through weathering or hydraulic cracking as mentioned above, an exogenic factor, such as seismicity, can shake the material loose. Griggs & Plant (1998) and Hapke & Richmond (2002) investigated cliff retreat in response to a notable earthquake in central California, and found that failure signatures were significantly different from those arising from storm waves. It should be acknowledged, however, that the efficacy of a seismic event is tied to the recent weathering and failure history, owing to the time required for preparation of cliff material for failure through weathering and fracture.
Groundwater saturation. Lastly, terrestrial processes exert significant influence on the failure of sea cliffs as groundwater saturation of cliff material can cause a failure threshold to be exceeded. Replacement of air by water in cliff material porosity can cause driving stresses to overcome resisting stresses leading to failure. A recent study by Young et al. (2009) found that rainfall contributed significantly to sea cliff failure, and its effects were amplified during times of highly energetic wave activity.
Prediction of sea cliff failure
A fundamental motivation for expanding our scientific knowledge of rocky coast geomorphology and processes is to develop predictive models that can translate as decision-support tools for coastal management and planning. Numerous predictive models have been developed on rocky coastlines worldwide to address issues of both long-term response to sea-level rise and shorter-term response to storms, including both process-based and numerical models (Walkden & Dickson 2008; Trenhaile 2010 Trenhaile , 2011 Walkden & Hall 2011; . However, in the USA, the development of process-based sea cliff response models that are applicable to management timescales (storms to decades) has been limited.
A variety of approaches and models have been developed along coastlines of the USA that seek to predict sea cliff retreat over a variety of time and spatial scales. The approach that is implemented in a given case is generally driven by the intended application of the results and the temporal and spatial scales over which the model is to be applied. Most of the models developed for prediction of sea cliff retreat along the US coast have as a goal the identification of erosion hazard or vulnerability zones. The most simple forecast approach is the projection of linear regression rates to a future position, such as Priest (1999) along the Oregon coast and Moore et al. (1999) for portions of the California coast. A geometric model based on a modified Bruun Rule (Bruun 1962 ) was developed by Bray & Hooke (1997) to predict sea cliff response to increased sea level, and a similar approach was more recently incorporated into a coastal hazard assessment for the California coast (Revell et al. 2011 ). Empirical models include Ruggiero et al. (2001) , who developed a model that combines a long-term water-level record with sea cliff basal elevation to identify erosion hazard zones in Oregon, and Collins et al. (2007) who correlate detailed observations of sea cliff failure with precipitation and wave run-up to identify sea cliff failure thresholds.
Other data-driven approaches for management-scale prediction of sea cliff response to storms and sea-level rise include statistical and probabilistic models. Lee et al. (2001) concluded that statistical models are not amenable to forecasts of sea cliff retreat because retreat events are not independent. Probabilistic models are well suited in that they can account for the spatial and temporal uncertainty associated with sea cliff retreat processes. A recently approach developed by Hapke & Plant (2010) utilizes Bayesian statistics to forecast event probabilities using observational data along sections of the California coast. The multiparameter approach incorporated sea cliff morphology, a term that describes relative material strength and prior behaviour and is driven by predictions of wave impact. The Bayesian network predicted the most likely outcome of cliff failure with a high degree of confidence. In terms of ranked probabilities, the method accurately predicted the correct outcome (location and amount of cliff erosion) in 70 -90% of the study areas. The model was also highly successful in correctly predicting areas expected to have very high erosion events. The Bayesian approach is well suited to the prediction of cliff retreat owing to its ability to include prior (e.g. historic) information and to address the complexity of the feedback mechanisms inherent in cliff failure processes.
Geomorphic evolution of sea cliffs
Models (either numerical or theoretical) of rocky coast evolution fit within two general categories: those that attempt to predict changes over management timescales (,100 years) and those applied to questions of constituent formative processes that occur over centuries to millenia. In general, fewer of these models exist for rocky coasts compared with sedimentary environments, in part owing to the myriad potential processes of sea cliff erosion and the difficulties inherent in determining change rates and parameterizing process rates and dependencies. Many studies have focused on understanding the controls on the formation and shape of rocky profiles (e.g. Cinque et al. 1995; Trenhaile 2000 Trenhaile , 2005 . Anderson et al. (1999) apply a model cliff retreat and downwearing to investigate the formation and preservation of marine terraces, such as those found along the Santa Cruz coast, over the late Quaternary. Models of shorter-term change can focus on individual or seasonal events, as investigated by Wilcock et al. (1998) and Collins & Sitar (2011) and applied to coastal bluffs in the Chesapeake Bay, Maryland. Vandamme et al. (2012) apply particle models to investigate the mechanisms of event-scale bluff collapse.
Other model approaches investigate the potential effect of increased sea-level rise rates over the coming centuries on coastal cliff recession rates (Trenhaile 2010; Trenhaile 2011) . Walkden & Dickson (2008) , applying the SCAPE model (Walkden & Hall 2005) , present a relationship suggesting that coastal recession rate on soft rock coasts should increase with increasing sea-level rise as the square root of the ratio of the sea-level rise rates. Ashton et al. (2011) use a simple modelling approach to reproduce this result, and suggest a more general framework cliffed coast behaviour based on the sensitivity of coastal recession to sea-level rise. On one hand are 'no feedback' coasts, where coastal recession is unaffected by sea-level rise. These would generally be steep, coasts lacking platforms or cliffs dominated by weathering. Contrastingly, an 'instant response' mode of behaviour requires that the combined profile maintains its shape -the predictions from this response mirror that of the Bruun rule. Along generally sediment-rich coasts, such as sandy bluffs, the concept of a steadystate coastal shape may be appropriate, as applied by Bray & Hooke (1997) . However, if the coast is primarily rocky with little sediment cover, Ashton et al. (2011) argue that application of the Bruun rule is likely to be incorrect as there is limited reason to believe that the shape of a rocky coast profile remains constant over time. Between these end members are 'negative feedback' coasts, where sea-level rise increases the rate of cliff erosion, but at a diminishing rate (i.e. with an exponent less than one). apply these concepts, suggesting that the negative feedback relationship best represents observed centennial-scale erosion rates along the Suffolk coast of the UK.
Studies have also begun to investigate the plan-view evolution of rocky coasts. As alongshore transport of littoral sediment links the cross-shore (profile) components of the coastal system, these studies focus on coupling profile behaviour alongshore though sediment transport processes. Sediment produced by cliff erosion that would otherwise bulwark a cliff can be removed by alongshore sediment transport; likewise, transport gradients could result in local beach growth from external sediment sources. Dickson et al. (2007) study this behaviour using the SCAPE model applied to centennial-scale cliff erosion predictions.
Along the US coast, the influence of lithology on coastal evolution is not limited to its cliffed coasts. Although much of the US east coast consists of sandy beaches and barrier islands, these active sedimentary features are often underlain by lithified deposits that affect their evolution. Rocky coasts need not have cliffs. Valvo et al. (2006) demonstrate how, in the case where the coast remains covered with a veneer of sediment, alongshore variability in the production of compatible sediment (more so than differential weathering rates) can control shoreline curvature and short-term variability. More recently, Limber & Murray (2011) developed an exploratory model of beach and sea cliff evolution demonstrating that lithological variability is not necessary to develop a coast with alternating beaches and headlands. They assume a relationship, generally applicable to abrasion-dominated environments, whereby wide beaches protect the cliff, and narrow beaches lack 'tools' for erosion (Sunamura 1976) . Consequently, sea cliff recession is maximized for some intermediate beach width. Feedbacks between sea cliff erosion and beach sediment, when coupled alongshore, result in development of steady states of alternating beaches and headlands; the proportion of these elements can be predicted from the cliff sediment production rate and an assumed superimposed erosion rate.
Summary
The coastal geomorphology of the continental USA is among the most variable in the world, ranging from low-lying barrier islands and marsh coastlines to high-relief rocky and bluffed coasts. Along the New England portion of the US east coast, sea cliffs formed in hard, resistant rock and soft, easily erodible glacial deposits are common. The majority of the sea cliffs of the USA are on the Pacific coast, and occur intermittently from San Diego, CA in the south to the Olympic Peninsula in northern Washington State. The occurrence of sea cliffs on the west coast is a result of active tectonic processes which episodically elevate the land surface relative to the local sea levels. Although waves combined with terrestrial processes are the primary drivers of sea cliff retreat, these vary considerably in the regions presented in this synthesis. Adding to the large variation in sea cliff geomorphology and rates of retreat is the highly variable geology along the coastline. Areas of hard, resistant rock may form headlands but also may be highly susceptible to erosive forces where the cliff-forming material is highly fractured or jointed. In addition, the characteristics of the coast fronting sea cliffs, such as wide v. narrow beaches or the presence of shore platforms, contribute to the variable morphology and erosion hazard. This synthesis provides a review of recent research along the rocky coasts of the USA and explores how the growing knowledge base contributes to our ability to predict future vulnerabilities and to better understand the processes that drive coastal cliff retreat.
